We investigated the effects of electrostatic interactions on the rate constant (k p ) for tension-induced pore formation in lipid membranes of giant unilamellar vesicles under constant applied tension. A decrease in salt concentration in solution as well as an increase in surface charge density of the membranes increased k p .
ABSTRACT
We investigated the effects of electrostatic interactions on the rate constant (k p ) for tension-induced pore formation in lipid membranes of giant unilamellar vesicles under constant applied tension. A decrease in salt concentration in solution as well as an increase in surface charge density of the membranes increased k p .
These data indicate that k p increases as the extent of electrostatic interaction increases. We developed a theory on the effect of the electrostatic interactions on the free energy profile of the membrane containing a prepore and also on the values of k p , which explains the experimental results and fits the experimental data reasonably well in the presence of weak electrostatic interactions. Based on these results, we conclude that a decrease in the free energy barrier of the prepore state due to electrostatic interactions is the main factor causing an increase in k p .
Introduction
Lateral tension is induced in biomembranes or lipid membranes if external forces are applied to cells or liposomes. In most cases this tension is positive, which induces stretching of the membranes. When a large positive tension is applied on a biomembrane, pore formation occurs in the membrane, causing rupture of cells or liposomes. To reveal the kinetics and the mechanism of tension-induced pore formation, giant unilamellar vesicles (GUVs) have been used [1] [2] [3] [4] [5] . By the use of a viscous solvent, Brochard-Wyart et al. visualized directly at video rate the fast dynamics of pore openings and closings in a GUV which was stretched as a result of intense optical illumination [1] . Evans et al. investigated the rupture of a GUV under dynamic applied tension, in which ramps of tension with loading rates (i.e., tension/time) were applied using a micropipet [2, 3] . Recently we developed a theory to determine the rate constant k p of constant tension-induced pore formation in lipid membranes as a function of tension  using the mean first passage time (MFPT) concept [6] .
In biomembranes such as cell membranes, there are many negatively charged lipids. Electrostatic interactions due to these charged lipids play important physiological roles such as binding of proteins to cell membranes, structural changes of membranes, and membrane stability [7] [8] [9] . However, the effect of these charged lipids on the mechanical stability of membranes is not well understood. In this report, we systematically consider the effects of electrostatic interactions on constant tension-induced pore formation in GUVs. Using the method developed in our previous paper [6], we measured the rate constant k p of constant tension-induced pore formation in GUVs composed of mixtures of negatively charged dioleoylphosphatidylglycerol (DOPG) and neutral dioleoylphosphatidylcholine (DOPC). We examined the effects of salt concentration, С, and of DOPG molar fraction in the lipid membrane, X, on the k p values.
Based on these results, we discuss the possible mechanism behind the effect of electrostatic interactions on tension-induced pore formation.
Materials and Methods
DOPG and DOPC were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Bovine serum albumin (BSA) was purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). For experiments on salt concentration effects, 40% DOPG/60% DOPC GUVs (where % indicates mole %) were prepared in buffer A (10 mM PIPES, pH 7.0, 1 mM EGTA) containing various concentrations of NaCl and 0.1 M sucrose by natural swelling [6] . For experiments on surface charge density effects, GUVs of DOPG/DOPC membranes containing various molar fractions of DOPG were prepared in buffer A containing 150 mM NaCl and 0.1 M sucrose. To purify these GUV suspensions, the membrane filtering method was used [10] . The purified GUV suspensions (300 L) (0.1 M sucrose in buffer as the internal solution; 0.1 M glucose in buffer as the external solution) were transferred into a hand-made microchamber. The GUVs were observed by fluorescence and differential interference contrast imaging using an inverted microscope (IX-71, Olympus, Tokyo, Japan) at 25  1 C using a Thermoplate microscope stage thermocontrol system (Tokai Hit, Shizuoka, Japan). These images were recorded using a CS230B CCD camera (Olympus) with a DVD recorder.
To obtain k p , we used the method [6] as follows. To apply tension to lipid membranes of single GUVs, we initially held the GUV at the tip of a micropipet for a few minutes using only slight aspiration pressure (i.e., the difference in pressure between the outside and the inside of a micropipet, P) (Fig. 1a) , with a tension on the bilayer of ~0.5 mN/m, and then rapidly (~10 s) increased P to reach a specific level of tension, and held this tension until the GUV was completely aspirated into the inside of the micropipet. The time of pore formation was defined as the time when the GUV was completely aspirated, and has a time resolution of less than 1 s. The tension of the GUV membrane, , can be described as a function of P as
where d is the internal diameter of the micropipet and D is the diameter of the spherical part of the GUV exterior to the micropipet (Fig. 1a) . Micropipets were coated with 0.5% (w/v) BSA in buffer containing 0.1 M glucose and glass surfaces in chambers were coated with 0.1% (w/v) BSA in the same buffer.
Experimental Results
We investigated the effects of salt concentration on tension-induced pore formation in GUVs containing 40% DOPG and 60% DOPC (i.e., X = 0.40). The first experiment used buffer A (10 mM PIPES, pH 7.0, 1 mM EGTA) without NaCl (total salt concentration C was 12 mM [12] and Debye length,
, was 2.8 nm). We applied constant tension to a GUV using a micropipet and then observed the GUV until the GUV was suddenly aspirated into the micropipet due to pore formation in the GUV membrane [6] . Then we performed the same experiments with 20 single GUVs (i.e., n = 20), and found that pore formation occurred stochastically at different times. To determine k p experimentally, we analyzed this stochastic phenomenon statistically [6] . Figure 1b shows the time course of the fraction of intact GUVs out of all examined GUVs, P intact (t), at  = 5.0 mN/m or  = 3.0 mN/m. The time courses for P intact (t) were good fits to a single exponential decay function as follows.
where k p is the rate constant for pore formation and t is the duration of constant tension applied to a GUV (tension was started at t = 0). From this fit, we obtained the k p values, which increased with tension, and were We also investigated the effects of surface charge density, , which is controlled by X, on pore formation. Figure 2b shows that with an increase in X, the tension required to induce pores decreased.
Comparing the data for the same tension, but for different X, k p increases with an increase in X. Therefore, both the results in Fig. 2a and 2b clearly show that k p increases with an increase in the extent of electrostatic interaction due to membrane surface charge.
Lipid bilayers are ensembles of lipid molecules, and thereby local thermal fluctuations in the lateral density of the bilayers always exist. The local region of a bilayer where the lateral density of lipid molecules is lower than average is defined as a local density rarefaction, or as a prepore in a bilayer [6] . The extent of a prepore formation increases as the average two-dimensional density decreases. Consequently, the probability and size of a prepore in a strained bilayer increases with tension due to the reconstruction of the system energy profile. Although the structure of prepores has not yet been determined experimentally, recent simulations of the molecular dynamics indicate that a pore or a prepore has a toroidal structure, in which the outer and inner monolayers bend and merge in a pore with an inner wall composed of lipid head groups ( Fig.   3a ) [14, 15] . For a pore, this toroidal structure is generally accepted [16, 17] . Here we assumed that a prepore has the same structure of a pore. Once a prepore with a radius r is formed in the membrane (Fig. 3a) , the total free energy of the system changes by an additional free energy (called the free energy of a prepore U 0 (r, ))
that consists of two terms: one due to the lateral tension , favoring the expansion of the prepore, and the /), is defined as the minimum energy required to create a pore in the membrane from the prepore state. The difference between a prepore and a pore in this report is that a prepore is an instable, small hole in the membrane whose radius is smaller than the critical value and thereby it has a short lifetime whereas a pore is a stable, large hole in the membrane whose radius is larger than the critical value and thereby it cannot be closed. In the experiments of tension-induced pore formation using the micropipet method described in the above section, we can detect only the pore formation, but cannot detect the formation of prepores.
For charged membranes, the effects of electrostatic interactions on tension-induced pore formation must be considered. When a prepore has a toroidal structure, the surface of its wall is charged due to the charged lipid head groups. Therefore, the total free energy of a prepore U(r, ) has to include the proper electrostatic
The existence of a double electric layer (DEL) near the membrane surface is the main difference between charged and neutral GUVs. The appearance of a prepore in a charged GUV has two consequences [17, 20] . One is a reduction or disappearance of the DEL above the prepore, which decreases the total free energy of the system. The other is the appearance of the DEL inside the prepore, which is filled with solution.
This increases the total free energy of system. Generally the electrostatic Gibbs free energy density (per unit of area) of the DEL, g, can be determined as follows [21, 22] :
is the surface potential of a membrane at a certain time of charging,  sur is the surface where potential at equilibrium, and  is the surface charge density of the membrane. Hence, to obtain the free energy of the system under consideration,  and  sur must be determined. [24]). For simplicity, we also assume that the structure of the prepore is a cylinder with radius r and height h (= bilayer thickness = 4.0 nm) and the surface (i.e., the wall) of the cylinder is composed of head groups of lipids (DOPG and DOPC) (Fig. 3b ). For generalization, we assume that the surface charge density on the prepore wall,  p , is less than that of the GUV surface and  p = a (where a is an adjustable parameter
), and that  p (i.e., a) does not depend on the prepore radius (see the Discussion at the final paragraph in this section 4).
To determine the electric potential distribution , we used the Poisson-Boltzmann equation
, where kT is thermal energy,
is Debye length of the solution,  w is the relative dielectric constant of water,  0 is the permittivity of free space, and n is the number density of ions in the bulk (see also Appendix) [13, 21, 22] . To estimate the electrostatic interactions outside the bilayer, we used Lekkerkerker's approach [25] ; the free energy density of the DEL near any planar membrane, g sol , is expressed as follows: 
where I 0 and I 1 are modified Bessel functions. Here we assumed that the  w value in a narrow prepore is the 
The total electrostatic free energy of the DEL inside a prepore is Thereby, the extra free energy of a prepore due to the electrostatic interaction, U el (r), is: 
and the total free energy of a prepore in a charged GUV is (see eq. (3)):
where (10)
.
Here we used a parabolic approximation for the term containing the Bessel functions. The prepore radius at the barrier, i.e., the critical radius, r b , is determined by the maximum condition for U(r, ), which gives   We determined the rate constant for pore formation in charged membranes using the MFPT approach.
According to the Kramers theory of Brownian motion [27, 28], evolution of a prepore is treated as a particle in stochastic motion in r-space within an asymmetric double-well potential U(r). The walls with an infinite barrier at r = 0 and a limited barrier at r = r b work respectively as a reflecting boundary and an absorbing boundary. Then, the lifetime of the intact GUV, τ, is defined as the time when the particle arrives at r = r b and escapes from the hole, which is determined by the MFPT technique [27-29] as follows:
where D r is the diffusion coefficient of the particle in r-phase space. After some mathematical transformations [29] , this expression can be written as follows: 
Discussion
Based on the theory developed above and using eq. (12), we fit the experimental data in . For a specific value of a, the value of Γ of the best-fit curve is determined. Figure 2 shows the best-fit curve for a = 0.45. The data on the effect of salt concentration (Fig. 2a) at C = 312 mM and 162 mM fit the theoretical curves well, but at C = 12 mM, there was some deviation. The data on the effects of surface charge density (Fig. 2b) for X = 0.10 and 0.40 fit the theoretical curves well, but for X = 0.70, there was a large deviation.
Deviations from theoretical results for highly charged GUVs and at low ionic strength can be explained reasonably well as a result of using a linear approximation of the Poisson-Boltzmann equation, which is valid if electric potential everywhere in system under consideration is less than 25 mV. The maximum value of the potential in our system is the surface potential  surf . As it is seen from Table 1 As we discussed above, the surface charge density of the prepore wall in our experiments was smaller than that of the bilayer surface (i.e., a  0.49). This can be explained as follows. The cross-sectional area of the lipids in the wall of a toroidal prepore, A 0 (where  > 1), is larger than that in the interface of the planar bilayer, A 0 , due to the increase in curvature of the monolayer forming the wall (Fig. 3a) . If the DOPG molar fraction in the prepore wall is the same as that in the planar bilayer, the surface charge density on the prepore wall,  p , equals eX/A 0 . Thereby, a =  p / = 1/ = constant (< 1). This increase in the cross-sectional area of the lipids depends only on curvature of the rim of the prepore, and thereby the value of  does not depend on prepore radius. This can reasonably explains the assumption that  p (i.e., a) does not depend on the prepore radius. To decide on an experimental value for a among the many candidates in our analysis (Table   1) , we need other experimental data such as the Γ of a prepore in these membrane systems.
In this report, we used two approaches to consider the effects of the electrostatic interactions. To estimate the electrostatic interactions outside the bilayer, we used Lekkerkerker's approach, which is valid for any values of potential, i.e., which does not use the Debye-Hűckel approximation. For electrostatic interactions inside the prepore we used a linearized Poisson-Boltzmann equation, i.e., the Debye-Hűckel approximation, which is valid if the electric potential in the system is less than 25 mV. Moreover, the contribution of the electrostatic interaction inside the prepore to the rate constant of pore formation is small. This is supported by the fitting result; in Table 1, pore-forming toxins [36, 37] . The results in this report indicate that the electrostatic interactions due to surface charges must be taken into account for any realistic consideration of these phenomena.
Conclusion
In summary, we found that the rate constant (k p ) for pore formation induced under constant tension in lipid membranes increased with an increase in electrostatic interactions due to surface charges of the lipid membranes. This observation is very important because it not only offers a physical description of the phenomenon, but also its biological consequences. We developed a theory on the effect of the electrostatic interactions on the free energy profile of the membrane containing a prepore and also on the values of k p , which explains the experimental results and fits the experimental data reasonably well in the presence of weak electrostatic interactions. Based on these results, we conclude that a decrease in the free energy barrier of the prepore state due to electrostatic interactions is the main factor causing an increase in k p . 
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Appendix
In this report we used the Poisson-Boltzmann equation to calculate electrostatic free energy due to the DEL (note that Lekkerkerker's equation (5) pN). The data for 100% DOPC GUVs and 40% DOPG/60% DOPC at C = 162 mM are reprinted from Ref.
[6] with permission from the American Chemical Society. 
